Laser beam irradiation was modeled to investigate the thermal responses of multijunction photovoltaic cell to the irradiation of oblique incident monochromatic light. First, the monochromatic light absorption in multijunction photovoltaic cell is formulated with accounting for multiple reflections as well as interferences. Then, an iterative algorithm was established to calculate the depositions of incident laser energy in every layer. Finally, the temperature characteristics of the photovoltaic cell are analyzed with finite element method.
Introduction
The light power conversion efficiency of the photovoltaic cell is largely dependent on its operation temperature, which results from the fact that the open circuit voltage would decrease apparently with the temperature elevation of the p-n junctions [1] . The reduction of the open circuit voltage temperature rising would decrease the fill factor and hence the efficiency of the photovoltaic cell [2] . This is the case for the single junction solar cell as well as the multijunction solar cell [3, 4] . As for the great temperature dependency of the efficiency, a two-stage hybrid solar cell is even proposed theoretically to improve the overall energy conversion efficiency, in which the thermoelectric effect could play a part after the cell temperature is above some value around 150 C [5, 6] .
The dependency of the light-electrical conversion efficiency of a photovoltaic cell on its operating temperature is well documented, while the cell temperature, in particular the temperature pattern within the cell has not been always readily available for its design or operation [7] .
Experimentally, the so-called photoluminescence technique was used to measure the junction temperature of the solar cells [8] . The junction temperature of the Mono-crystalline Si photovoltaic cell was estimated empirically through the measured output voltage of the cell and ambient temperature [9] . A set of models were compared to estimate the cell temperature, and the relevance between the cell temperature and open circuit voltage of the cell is further validated for Phaesun USP 10 modules [10] . The desires to theoretically describe the temperature characteristic of the photovoltaic cell have also boosted much work [11] . With assuming the heat generation to be evenly distributed in the single junction solar cell, the effects of the different ambient thermal boundaries were modeled to describe numerically the cell temperature under sunlight [12] . The temperature of the single solar cell was investigated numerically with finite element method with treating the inefficient light energy as heat flux through the cell surface without considering the inner structure of the cell [13, 14] . The finite element method was also applied to the tripe junction solar cell, in which the heat dissipated from light energy was again assumed to be evenly distributed within the whole cell [15] .
The p-n junction temperature of the cell is determined by the equilibrium between the heat generation from the incident light energy and the heat diffused into the environment. The distributions of the heat generated by the incident light are determined by the reflection and absorption of the light in the multijunction photovoltaic cell. As we know, the refractive index and absorption coefficient of the materials depend on the wavelength of the incident light. Before now, the monochromatic light irradiation was devised to investigate the thermal behaviors of the photovoltaic cell and the thermal response of multijunction photovoltaic cell subjected to vertically incident laser beam irradiation was preliminarily discussed [16] . However, it is understandable that the inclination angle of the oblique incident laser should be of crucial importance as far as the multiple reflections and refractions of the light across the interfaces are taken into account.
The thermal responses of multijunction photovoltaic cell to the irradiation of oblique incident monochromatic light, i.e. the laser beam, were investigated in this study. The multiple interface reflections as well as interferences of monochromatic light in multilayer films were particularly formulated to calculate laser absorption in the multijunction photovoltaic cell. An iterative algorithm was established to realize the calculation of the laser absorption in every layer and, the heat conduction equation controlling the temperature of the photovoltaic cell are solved by finite element method as a numerical example for typical parameter combination.
Formula
The reflection, transmittance as well as absorption in an arbitrary inner layer could be analyzed and then extended to formulate the multiple interface reflections and interferences of laser transmitted in the multijunction photovoltaic cell. As for any arbitrary inner layer, the absorbed laser energy equals to the input laser energy from both boundaries subtracting that escaped from both boundaries, at which the interference could arise and its effect should be taken into account. First of all, one can consider such flowing pattern of the laser energy E {i/j} from the ith layer numbered i to the jth layer numbered j as shown in Fig. 1 .
The inclination angle of the light to the interface in any jth layer could be quickly determined by the Snell laws [17] as n j sinq j ¼ n 0 sinq 0 :
The electrical component of the incident laser from ith to jth layer is [17] A
The amplitudes of the multiply reflected electrical components of the incident laser could be written as 
By utilizing the law of reversibility and energy conservation at the interface 
where,
Therefore, the effective reflectance of the incident laser energy flux at the interface from ith layer to jth layer is 
where the Fresnel reflection coefficient at the interface between ith layer and jth layer for p-polarized wave and s-polarized wave of the incident light are [17] 
and
respectively. Substitute (10) or (11) into (9), one can get
respectively. Then, the overall effective reflectance at the interface from ith layer to jth layer for a randomly polarized laser is [17] R ij À
At the same time, the amplitudes of the multiply transmitted electrical components of the incident laser from ith lth layer to kth layer through jth layer could be written as 
The effective transmittance of the incident Laser energy flux across the interface between ith layer and jth layer to the kth layer is
where, the Fresnel transmission coefficient at the interface between ith media and jth media for p-polarized wave and s-polarized wave of the incident light are [17] 
respectively. Substitute (18) or (19) into (17), one can get
respectively. Then, the overall effective transmittance from ith layer to kth layer through jth for a randomly polarized laser is [17] T ij ðd; xÞ ¼
Now, the escaped part of the input laser energy E i/j from ith layer to jth layer across the interface between ith layer and jth layer after multiple reflections could be written as
And, the escaped part of the input laser energy E i/j from ith layer to jth layer across the interface between jth layer and kth layer could be written as
Thus, the absorbed part of the input laser energy E i/j from ith layer to jth layer by the (j) th layer could be obtained as
Similarly, one can obtain the three parts of the input laser energy from kth layer to the jth layer as
Therefore, the energy parts that absorbed by any inner jth layer or escaped from its both boundaries from the input laser energy at both sides could be described as
wherein the transfer coefficient matrix G {j} is
Now, one can image that the laser energy escaped from any jth layer across one of its interfaces should be equal to that entering into the adjacent layer sharing the same interface. Obviously, the air surrounding should be treated as the neighbor of the top and bottom layers of the cell. Therefore, the above expressions of laser energy absorbed by a single layer and escaped across its boundaries could be extended to all layers in the multilayer structure of a multijunction solar cell as shown in Fig. 2 .
The generalized formulae are
And
½G ¼ 2 6 6 6 6 4
with
The expressions in the equations from (31) to (36) should be utilized by replacing 'i' and 'k' with 'j-1' and 'jþ1', respectively. The '0' th layer and 'wþ1' th layer refer to the air surrounding and, the items E {1/0} and E {w/wþ1} in (39) account for the laser energy escaped from the top and bottom of the cell to the surrounding, respectively. The input energy by laser beam are the very terms E {0 / 1} and E {wþ1/w} in (40), one of which should be zero if only single side of the photovoltaic cell is irradiated. Now, one can get the numerical solutions for the laser energy absorbed in every layer as implicitly expressed in Equations (38) and (41) based on the iterative algorithm as shown in Fig. 3 , 2) Let E {0 / 1} ¼ E(1-R 1,0 ) refers to the laser energy inputted through the foremost surface to the first layer and E {wþ1/w} ¼ 0, which means that there is no laser energy entering the last layer from surrounding. 3) Compute (37) and (38), calculate the energy difference between the incident energy and the sum of absorbed energy and escaped energy,
EfaðjÞg À E f1/0g À E fw/wþ1g :
4) Judge whether the inequality
holds. If so, output {F a } ¼ {E {a(1)} … E {a(j)} … E {a(w)} }. Otherwise, update the incident array {E i } by replacing it with {F e } and repeat the 4th step.
Numerical example
The typical geometrical parameters and optical properties used in the numerical example are listed in Table 1 for the multijunction photovoltaic cells under irradiation by laser of wavelength 1064 nm, 532 nm or 266 nm. It is noteworthy that the property constants have been indirectly obtained by interpolation and conversion based on the available materials database [18e20].
The angles of refraction could be calculated by (1) according to the Snell laws [17] and the outcomes for different angles of incidence are diagramed in Fig. 4 .
One can find out that there are only six distinctive angles of refraction and no total reflectance at any interface when the angles of incidence change from 0 to 90 , which should be the case under the assumption of linear optical behaviors.
The absorbed light energy fractions for every layer are shown in Fig. 5 , in which the dependency on the incident angles is mostly demonstrated.
It is indicated that the 7th layer absorbed the biggest percentage of the incident laser energy for the present case. That is mainly due to the fact that the 7th layer has relatively large absorptivity and large thickness. Therefore, large portion of the incident laser would be intercepted by this layer. Furthermore, the absorbed light energy would be altered by the angle of incidence as the reflective coefficients at the interfaces are strongly dependent on the refraction angles. It is revealed that the overall absorbed laser energy would be gradually increased with the increasing of the incident angles and maximized at some incident angle, which is in consistence with the Brewster angle in physics [17] . After that, the overall absorption might be sharply reduced to zero when the incident angle is 90 , which means that the incident laser beam is parallel to the cell surface. The total absorbed energy fraction, SE a /E 0 in the whole photovoltaic cell could be obtained by summing up all of that absorbed by each layer. The dependency on the wavelength of incident laser is calculated and shown in Fig. 6 , to which the contribution of the interference is mostly revealed.
It is indicated that the total absorbed energy fraction, SE a /E 0 would increase with the decreasing of the laser wavelength. It is also indicated that the total absorbed energy fraction would change more smoothly in relative to the incident angles for the incident of relatively short wavelength. For instance, the effect of Brewster angle on maximizing the absorption would be almost invisible for wavelength is about 266 nm as shown in Fig. 6 . The overall absorption of the incident laser with short wavelength is larger in comparison to that of long wavelength when the incident angle is smaller than 60 .
Finite element analysis
Assume the power of the incident Laser is 10w and the angle of incidence is 30 , one can obtain the absorbed laser power in every layer E a(j) by multiplying the fractions shown in Fig. 5 by 10w , for which the energy distribution E a(j) and refraction angles q j are listed in Table 2 .
As shown in Fig. 7 , the half geometry of photovoltaic cell of ten layer structure was modeled to carry through the Finite Element Analysis in the commercial software Comsol-Multiphysics considering the symmetrical characteristic of the present physical state. The half symmetrical geometry is discretized into 108, 900 elements to obtain the final convergent solution.
The in-plane dimension of the cell is 11 mm Â 5.5 mm and the thicknesses, d i are referred to Table 1 . The modified Gaussian distribution of energy is assumed for the laser beam and the spatial dependent heat generation rate in every layer could be written as [18] Q ðx; yÞ ¼ E aðjÞ . À pr jx r jy d j
wherein, r jy ¼ r b ¼ 0.5 mm is identical for each layer while r jx could be roughly formulated by considering the exponential attenuation of the laser propagated in the jth layer media as
The center of the elliptical spot at the surface directly irradiated by the laser beam is located at the point (0, 0, 0). To be noted that the heat generation rate, Q within every layer would be independent of z, the coordinate along the thickness of the cell as the effect of the interferences on the energy distribution of laser within each layer has not been considered in the present model.
By solving the Fourier heat conduction equation
controlling the temperature of each layer with thermal continuity conditions at every interface as well as the thermal boundary conditions 
at the outermost surfaces of the cell with constants
It is noteworthy that the temperature-dependent model are used for the thermos-physical properties of the 01st, 02nd, 03rd, 05th and 07th layers as
r ¼ c r0þ 
For those layers the average magnitudes of the corresponding thermal properties [19e21] are listed in Table 2 and the constants in the models of (52), (53) and (54) are listed in Table 3 .
The thermal insulation boundary condition is assumed at the symmetrical surface and the uniform initial temperature are set as 293.15 K. The heat conduction equation was solved through 20 s with time step of 0.01s. Under the above conditions, the typical temperature profile could be obtained as shown in Fig. 8 . The peak temperature elevation region of elliptical shape could be observed on both the front surface and back surface.
The temperature histories of two points on the directly irradiated front surface, center point of the beam spot with coordinates (0, 0, 0) and edge point of the beam spot (r b , 0, 0) are shown in Fig. 9 . It is indicated that the temperature would increase sharply when the laser irradiation is turn on and then gradually approach to some steady magnitude, when the heat generated by laser irradiation could be diffused into the environment through convection and radiation.
The temperatures of the center nodes on different layers at four typical instants, those are t ¼ 10s, 15s and 20s were mapped onto a vertical center path and shown in Fig. 10 , in which the horizontal coordinate refers to the interface sequence number counted from the front face. It is noteworthy that the nodes are deliberately arranged at the interfaces or surfaces, thus not uniformly distributed along the central axis in Fig. 10 . It is revealed that one of the temperature crests appears at the subsurface nodes even after the cell approaches to the stable state under laser irradiation, which should be resulted from the fact that the absorption peak appear around the subsurface. It might also be partially resulted from the nonlinear thermal behaviors of the materials utilized in the computation. In particular, the temperature-dependent thermal conductivity of the materials should attribute to the nonlinear temperature elevation versus time.
It is also indicated that the temperatures of the inner interface along the central axis are slightly lower than that of the surface or subsurface. Therefore, the heat generated in the region where the input laser energy dissipated would diffuse along the directions parallel the interfaces at the beginning. This is validated by the steady-state temperature gradient mapped onto the path along xaxis that originated at the central point (0, 0, 0) and ended at point (10.8r b , 0, 0), as shown in Fig. 11 .
It is revealed the temperature gradient is always negative, which means that the temperature always decreases with the increasing Table 3 Constants for the material model. of the distance from the central point of the laser beam spot. Obviously, the slight difference in temperature within a small structure might develop large temperature gradient. It is also noteworthy that the maximum temperature gradient arises around the edge of the laser spot, which might be crucial for thermomechanical analysis.
It is noteworthy that the present model does not explicitly include the light scattering effect as the homogeneity and ideal geometry have been assumed herein, although the referenced refractive indexes of the materials might have accounted partly for the scattering [17] . There are inevitably other kinds of scattering of the incident light wave, or photons in the semiconductors, which would also make the ray paths more complicated and change the spatial distribution of light absorption. Therefore, the temperature characteristic of the photovoltaic cell under laser irradiation might subject to slight alteration. As far as the multiple scattering is mainly taken into account, the concentration of laser absorption as well as heat generation would usually be reduced and the peak temperature gradient would be decreased.
Conclusions
The monochromatic light transfer in a multijunction photovoltaic cell is formulated with considering the multiple reflections and interference. The absorptions of incident laser energy in every layer of the cell are calculated via an iterative algorithm. The overall absorption of laser energy depends largely on the incident angle and maximized at some specific incident angle before abruptly reduced to zero for the case of incident angle 90 . The computational results reveal that large fraction of the laser energy is absorbed by some inner layer. The total absorbed energy almost increases with the decreasing in wavelength of the incident laser. The finite element analysis reveals that the peak temperature arises in the subsurface layer and the maximum temperature gradient arises around the edge of region covered by laser spot.
